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ABSTRACT 

Previous studies have shown that the tobacco specific nitrosamine, 4- 
(methylnitrosaminoM-(3-pyridylM-butanone (NNK), is hepatocarcino- 
genic and results In alkylation of heparic DNA in F344 rats. In this study, 
we have charactered the metabolism of NNK in cultured rat hepatocytes 
and have established the relationship between various metabolic path¬ 
ways and the induction of DNA single strand breaks. DNA fragmentation 
by NNK and two other related A-nitrosamines, A'-mrrosonarnicotine 
and nitrosodimethylamine, were compared. Metabolism of [5- 3 HJNNK 
(4.5 fi\i) by Carbonyl reduction, <*-carbon hydroxylation, and pyridine A- 
oxidation was linear from 0 to 6 h and with 0 to 2 x 10 4 hepatocytes. 
Using the alkaline elution assay, we observed that NNK induces DNA 
single strand breaks (SSB) in a dose (1—10 mM) and time (0.5-6 h) 
dependent manner. SSB induced by NNK (5 mM; rate of elution between 
3 and 9 h, 0.117) are rejoined partially within 2 h (rate, 0.039) and totally 
12 h after exposure. NNK A-oxide (5 m.v) produces a s maller number 
of SSB (rate, 0.017) than NNKOmte, 0.105) ^suggesting that pyridine A - 
oxTdatlon of NNK is a deactivation pathway L Hydrolysis of car bet boxy- 
mtFOSairiinomethamF and 4-t/v-carbethoxy-A-nitrosamino)-l -{3-pyri- 
dyl)butanone yields met hyldiazo hydroxide and 4-<3-pyridyI)-4-oxobutyl- 
diazohydroxide, respectively. These two alkylating intermediates are 
generated during a-car bon hydroxylation of NNK. After treatment of 
hepatocytes with 5 jiM car bet ho xynitrosaminome thane and 1 mM 4-(A- 
carbethoxyl-A-nitrosamino}-l-(3-pyridyl)butanone 1 the rates of DNA 
elution wore 0.092 and 0-120, respectively. Carbonyl reduction of NNK 
leads to 4-(methylnitro5amino)-l-<3-pyridyI)buUn-l-oI(NNAl). Reaction 
of NNK with methyl magnesium iodide gives 1-MeNNAI with 82% yield, 
NNA1 but not 1-MeNNAl can be reoxidized to NNK, Both 5 mM NNAl 
(rate, 0.073) and 5 mM I-MeNNAl (rate, 0.054) induce SSB indicating 
that NNAl does not require reconversion to NNK to be activated to DNA 
damaging intermediates. a-Methylene hydroxylation of NNK results in 
an equimolar formation of methyldiszohydroxide and 4-oxo-4-(3-pyridyl>- 
butanal. This aldehyde, at a concentration of 1 mM, induces the same 
frequency of SSB (rate, 0.116) as 5 mM NNK (0.105) and could possibly 
play a role in the carcinogenicity of NNK. The rates of elution with 5 
mM NNK and 5 mM A'-nitrosonornicotine (0.014) correlate well with 
their he patocarcino genic potencies in the rat. The rate of elution of DNA 
from cells treated with 5 mM nit rosodi methyls mine (0.290) suggests that 
this A-nitrosamine is more hepatocarci oogenic than NNK in F344 rats. 
The results of this study demonstrate that NNK is activated by rat 
hepatocytes and induces single strand breaks through metabolites formed 
by a-carbon hydroxylation. One aldehyde formed by this pathway is a 
strong DNA damaging agent and could be one ultimate carcinogen derived 
from NNK. 


INTRODUCTION 

Nitrosation of nicotine occurs during the maturation of the 
tobacco plant in the field (l), during air-curing of the tobacco 
leaf, and during the combustion of cigarettes (2). This reaction 
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leads to the production of two A-nitrosamines, NNN 3 ant 
NNK, These two /V-nitrosamines are abundant in mainstrean 
and sidestream smoke of cigarettes (3) and are carcinogenic ir 
mice, rats, and hamsters (4). In rats, NNK is a more poten 
carcinogen and has a wider range of carcinogenic activities that 
NNN. NNK induces hepatocarcinomas and hemangiosarcoma: 
in this species (5). 

During the activation of procarcinogens such as NNK, reac 
tive electrophilic intermediates are formed which can damagi 
DNA. These extents of DNA damage can be quantified b\ 
alkaline elution analysts, as demonstrated by Kohn and Ewig 
(6). Results with the alkaline elution/rat hepatocyte assay de 
veloped by Bradley el al. (7) correlate well with the carcinogenic 
and mutagenic activities of a large number of substances (8) 
The DNA fragmentation observed in rat hepatocytes was qual 
itatively similar to that observed in human hepatocytes and was 
suggested to be a good predictor of the carcinogenic potential 
of /V-nitroso compounds in humans (9). In this study, we havt 
used the alkaline elution/rat hepatocyte assay to compare DNA 
breakage by various /V-nitroso compounds related to NNK, tc 
identify the activation and deactivation pathways of NNK, and 
to establish the DNA damaging capacities of various NNK 
metabolites. 

MATERIALS AND METHODS 

Chemicals. NNK and its metabolites were synthesized as described 
previously (10, II). Syntheses of NNN and NNN A-oxide have been 
described (It, 12). The metabolite 4-oxo-4-(3-pyridyl)-l-butanal (8) 
was freshly prepared by hydrolysis of the corresponding ketoaceta! 
according to the method of Abbaspour et al. (13). This aldehyde is 
unstable and solutions were prepared immediately before each incuba¬ 
tion with hepatocytes. The precursor NNC was prepared from myos- 
mine as described (14). |5- J H]NNK (1.1 Ci/mmol) was purchased from 
Chemsyn Sciences Laboratory (Lenexa, KS). Proteinase K, penicillin, 
streptomycin, and Hoechst No. 33258 dye (?'-(4-hydroxy phenyl)-S-) 4- 
methyl-1-piperaziny!)-2,S'-bi-1//-benzimidazole) were obtained from 
Sigma Chemical Co., St. Louis, MO. Carbethoxynitrosaminomethane 
was obtained from Pfaitz and Bauer. Inc., Stamford, CT. 

Synthesis of 1-MeNNAI. A solution of NNK (20 mmol) in dry 
tetrahydrofnran (20 ml) was stirred at 0‘C under nitrogen. A solution 
of methyl magnesium iodide (24 mmol) in ether was added dropwise 
during 30 min. The mixture was stirred at —30‘C for 2 h, allowed to 
warm up to room temperature, and stirred for I additional h. The cold 
reaction mixture was treated with saturated aqueous ammonium chlo¬ 
ride solution (50 ml) and extracted with chloroform (3 x 50 ml). The 
combined organic phases were dried over Na.SO, and concentrated in 
a vacuum. The residue was chromatographed on silica gel and eluted 
with methanol/dichloromethane (1/20). The resulting 1-MeNNAI was 
obtained as a pale yellow oil (3 66 g, 82% yield). (IR film) 3340 
(—OH), 1415 cm' 1 (N-NO); ‘H nuclear magnetic resonance (i ppm, 

*The abbreviations used are: NNN, N'-nitrosonornieotine; NNK, 4-tmethyl- 
nitrosamino)-1 -(3-pyridyl)-l -butanone: NNAl, a (mcthylnitrosamino) i <3 pyri 
dyl)bu(an-l'Oh NNKA-Oxide. -Mniethylnitro53mino)-I 4 3-pj ridyl-A'-oside)butan 
l-ol: NNC. 4-<A‘-carbethaxy./V-mirosamino)-t•(J-pyridyt)-l-butanone: 1- 
McNNAI. 4-tmethylnitrosamino)-■-(methyl)-l-t3-p>ridyL)buun-l-ol; NDMA, A’- 
nitrOSOdimelh> lamine;SSB. single strand breaks: s. singlet; t, triplet; m. multiple!, 
dd, doublet of doublets; dt, doublet of triplets. 
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CDO,|. 1.42 (s. 3H. C—CH,); 1.44 (t, 2H, CHj—CO); 1.66 (m, 2H, 
c— CHr-C); 2.84 and 3.48 (2s. 3H. N—CH,: E and Z ratio. 0.45); 
3.90 (t. 2H. —CH:—N); 7.11 (<Jd, 1H. pyr S-H); 7.62 (dt. 1H. pyr 4- 
H): 8.66 (m. 1H. pyr 6-H); 9.01 <m. 1H. pyr 2-H). 

i-< C nuclear magnetic resonance (5 ppm, CDC1,). 22.30 (CHj~CO); 

OH 

t 

30.00 (CH,—CH—CHj); 53.52 (CH,—N): 71.98 (CHr-CO); 122.89 
(pyr S-O: 132.97 (pyr 3-C); 143-34 (pyr4-C); 145.98 and 146.69 (pyr 
2- and 6 0. Mass spectrum molecular ion 223.1356 (calculated for 
C,,H„N,0,: 223.27704); m/c (relative intensity) 193 (16) M+ —NO: 
175 (24) M+ —H.O —NO; 164 (5 I) M+ —NNO —CH,: 144 (26) M* 
—C,NH,; 122 (100) pyridine C(CH,)OH. 

Isolation and Culture of Hepatocytes. Male F344 rats, 6 to 8 weeks 
old, were purchased from Charles River, Inc. (St. Constant, Quebec, 
Canada), fed a Rodent Laboratory Chow 5001 (Purina, St. Romuald, 
Quebec, Canada), and given tap water ad libitum. The rats were anes¬ 
thetized with ether and hcpatocytes were isolated by a two step colla- 
gcnase perfusion as described previously (15). Each perfusion usually 
yielded around 300 million hcpatocytes which were purified by Percoll 
(Pharmacia, Dorval, Quebec, Canada) gradient centrifugation as de¬ 
scribed previously (16). Viability, as measured by trypan blue exclusion 
or release of lactic dehydrogenase in the culture medium, was over 90% 
(17). The hcpatocytes were plated at a density of 2 million/100- x 20- 
mm culture dish and cultured for 18 h under an atmosphere of 5% CO; 
and 95% air in a-minimum essential medium containing 4-(2-hydrox- 
yethylFl-piperazineethanesulfonic acid (10 n»i), penicillin (50 units/ 
ml), and streptomycin (50 pfi/ml). The hcpatocytes were washed once 
with a-minimum essential medium to remove dead cells before exposure 
to the chemicals. Stock solutions of NNK were prepared in dimethyl 
sulfoxide. The final concentration of dimethyl sulfoxide in the culture 
medium was 0.5% (v/v). 

Metabolism of NNK. A suspension of freshly isolated hcpatocytes 
was incubated under an atmosphere of 5% CO, and 95% air in 2 ml of 
a-minimum essential medium containing [5-'H|NNK (5 nCi/ml, 4.5 
uM). Incubation were carried out in 60- x 15-mm culture dishes. The 
number ofcells varied from 0.25 to 2 million and the time of incubation 
from 0.5 to 8 h. Cells were pelleted by centrifugation (9000 X g, 10 
min) and the supernatants were removed. Cells treated with boiling 
water prior to incubation with [S- 3 H]NNK were used as a negative 
control. NNK metabolites released from the hepatocytes into the me¬ 
dium were assayed by reverse phase high performance liquid chroma¬ 
tography and liquid scintillation counting as described previously (18). 
A 0.5-ml aliquot of the culture medium was filtered (0.45 pm polypro¬ 
pylene; Mittipore, Mississauga, Ontario, Canada) and coinjected along 
with 10 pi of a mixture of unlabcled metabolites in a Spherisorb 500- 
ODS S-pm column (Jones Chromatography, Ltd., Mid Clam, Eng¬ 
land). Metabolites, I, 2, 12. 13, 14, and IS and NNA1 dissolved in 
methanol were used as UV markers during high performance liquid 
chromatography analysis. The metabolites were eluted with sodium 
acetate and methanol as described previously (18). The eluant was 
monitored at 254 nm and l-m( fractions were Collected. Five ml of 
Scintiverse LC (Fisher Scientific, Montreal, Quebec, Canada) were 
added to each fraction and radioactivity was measured. More than 80% 
of(S-*H|NNK added to the culture medium was recovered as radioactive 
metabolites. 

DNA SSB Assay. The elution apparatus consists of 8 elution funnels 
and Swinnex filters connected to an 8-channcl peristaltic pump (Mini- 
puls 2j Gilson) and a multichannel fraction collector (Retriever IV; 
1SCO, Lincoln, NE). Plated hepatocytes (2 x I0‘) were treated with 
NNK or its analogues in 10 ml of medium. After treatment, cells were 
collected by trypsinizarion (0.05% trypsin, 0,02% EDTA, 5 min). A 
suspension of 1.5 x )0* hepatocytes in phosphate buffered saline was 
loaded onto a 2-pm polycarbonate fitter (25 mm; Nucleopore, Toronto, 
Ontario, Canada), in an elution column and washed with cold phos¬ 
phate buffered saline. The hepatocytes were lysed with 5 ml of a solution 
of 35 mM sodium dodccyl sulfate, 25 n»M EDTA, and 0.5 mg/ml 
proteinase K (pH 9.6) for 40 min. The filters were then washed with 
20 mst sodium EDTA solution (pH 10.3), and the DNA was eluted 
with 10 mM sodium EDTA (pH 12.3) at a rate of 0.035 ml/min. Ten 


fractions of 3 ml each were collected. The elution filters were protected 
from light. The amounts of DNA in each fraction and that remaining 
on the filter were measured fluorimetrically using the fluorescence 
enhancer Hocchst 33258. A 1.2-ml aliquot of each fraction was incu¬ 
bated for 10 min in the dark with 0,8 ml of 0.2 M KH,FO, (pH 7.2) 
and 1 ml of I.S „M Hoechsi 33258. Fluorescence was measured with 
excitation at 360 nm and emission at 450 nm. Standard curves with 
calf thymus DNA were linear between 0.1 and 1.0 pg. The fraction of 
total DNA remaining on the filter (F) at each interval was calculated 


F = 2(1.0 — fraction eluted at time r) 

The rate of elution was calculated from a semilogarithmic plot of the 
fraction of DNA retained on the filter (log scale) against the time of 
elution (arithmetic scale). The elution rate was the mean slope of the 
elution curve between 3 and 9 h.The mean slope was used as a measure 
of the elution curve and was calculated as 

log {F, -v F>) log (F t F,) 

2 

where F,. F,. and F, are the fractions of DNA remaining on the filtc' 
at 3, 6, and 9 h, respectively. 

Statistical Analyses. The rates of a-carbon hydroxylation and pyri¬ 
dine N-oxidaiion were compared by multiple regression analysis. 


RESULTS 


The three major metabolic pathways of NNK are illustrated 
in Fig. 1. After 6 h of culture, 19% of NNK had been reduced 
to the .V-nitroso alcohol, NNAl. The rate of this reduction was 
0.25 nmoI/h/10 4 cells and was linear up to 6 h (data not shown). 
Pyridine /V-oxidation of NNK and NNAl yields NNK-N-oxide 
(I) and NNAl .V-oxide (2), respectively. The rate of total 
pyridine N-oxidation was linear up to 6 h (Fig. 2A) and up to 
2 x lO 4 hepatocytes/dish (Fig. IB). As shown in Fig. 1, meth¬ 
ylene hydroxylation of NNK would give (he a-hydroxynitrosa- 
mine 4. This intermediate is unstable and would decompose to 
two electrophilic products, the ketoaidehyde 8 and methyldi- 
azohydroxide (9). The end product of this pathway is the keto 
acid 13 formed by the oxidation of the ketoaidehyde 8. A second 
activation pathway of NNK is methyl hydroxylation which gives 
the hydroxymethylnitrosamine 3. Formaldehyde (HCHO) an' 1 
the pyridyloxobutyldiazohydroxide 7 originate from this intei 
mediate. The diazohydroxide 7 can be generated by simple base 
hydrolysis of the nitrosocarbamate NNC (Fig. 3). Reaction of 
7 with water gives the keto alcohol 12. Methyl and methylene 
hydroxyiations could also occur on NNAl and give the two 
diazohydroxides 9 and / /as illustrated in Fig. 1. The four end 
products of «-carbon hydroxylation of NNK and NNAl are the 
metabolites 12, 13, 14, and 15. Their sum is used in this study 
as an index of total activation of NNK. As shown in Fig. 2A, 
the rate of a-carbon hydroxylation was linear up to 6 h of 
culture and was higher (P < 0.01) than that of pyridine N- 
oxidation. The extent of total a-carbon hydroxylation also 
increased linearly with the number of hepatocytes up to 2 X I0 4 
(Fig. 2B). 

Toxicity was evaluated in hepatocytes exposed to 10 mM 
NNK for 4 h. As determined by lactic dehydrogenase leakage 
into (he culture medium, ceil viability was reduced by 2.5% as 
compared to untreated cells. To study the kinetics of DNA SSB 
formation as a function of the duration of treatment, we treated 
cells with NNK at a noncytotoxic concentration (10 mM). With 
4 h of treatment, the mean slope of elution was 0.124 compared 
to 0.021 for the control (Fig. 4). Four h treatment was selected 
for further experiments. 
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U +15 

Fig. 1. Metabolic pathways of NNK in primary cultures of rat hCpalOCytc*. Structures in brackets are hypothetical intermediates. 


Fig. 2. Metabolism of NNK by a-carbon 
hydroxylation (•) and pyridine /V-oxidaiion 
(O) in rat hepatocyies (2 x IO*/dish) as a 
function of time {A } and as a function of the 
number of cells per dish. Time of exposure, 4 
h (fi). Each point is the mean of four determi¬ 
nations in hepatocytes obtained from four ratsi 
ban, SD. 




Fig. 5 indicates that NNK induces SSB in a dose dependent 
manner. More interestingly, NNK at noncytotoxic concentra¬ 
tions such as 1 and 5 mM also induce significant numbers of 
SSB. Percentages of DNA eluted from the filter after <5 h elution 
were 21, 43, 69, and 81% for 0, l, S, and 10 mM NNK, 
respectively. Plotting the elution rates versus the concentrations 
(mM) of NNK gives a straight line with a slope of 0.008 and a 
correlation coefficient of 0.98 (data not shown). 

At an equimolar concentration (5 mM), the NNK related 
nitrosamine NNN was found to induce fewer DNA SSB than 


did NNK (Fig. 6 A). From Fig. 6A , the percentages of DNA 
eluted from the filters after 6 h of elution were 26 and 57% for 
NNN and NNK treated cells, respectively. The elution rates 
were 0.014 and 0.105 for NNN and NNK treated cells respec¬ 
tively. On the other hand, the rate of DNA elution obtained 
with NNN treated cells was similar to those observed with cells 
exposed to NNK /V-oxide (0.017) and NNN N-oxide (0.015). 
These two metabolites generated by iV-oxidation of the parent 
compounds. NNA1 and 1-MeNNAI were synthesized by car¬ 
bonyl reduction and methylation of NNK, respectively. The 
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Fig. 3. Structures of NNK related N nitrosa mines. 



Fig. 4. DNa single strand breaks induced by NNK after various times of 
exposure. Concentration of NNK, 10 mM. Each point is the mean of two 
determinations. O, control (0.5% dimethyl sulfoxide); •» 0,5 h; □, 2 h;*, 4 h; A, 
6 h. 

rates of elution of DNA from cells treated with 5 mM NNA1 
(0.073) and 5 mM 1-MeNNAI (0.054) were slightly lower than 
in the case of S mM NNK (0.105) (Fig. 6 A). The percentages 
of DNA eluted from the filter after 6 h were 42 and 48% for 1- 
MeNNAl and NNA1, respectively. 

The ketoaldehyde 8 induces SSB in a dose dependent manner 
(Fig. 6 B). A plot of elution rates versus the concentrations of 
the ketoaldehyde 8 (mM) gives a straight line with a slope equal 
to 0.003 and a correlation coefficient of 0.99 (linear regression). 
Similar elution rates were observed by treating cells with l mM 
ketoaldehyde 8 (0.116) or 5 mM NNK (0.095) indicating that 
ketoaldehyde 8 is more potent in inducing DNA SSB than 
NNK. 

NDMA was found to induce more SSB than NNK (Fig. 60- 
The percentages of DNA eluted from the filters after 6 h elution 
were 43 and 70% when cells were treated with 1 and 5 mM 




Fig. 5. DNA single sirand breaks induced by NNK at various c6n«fttf3lions. 
Time of exposure. 4 h. O. control (0.5% dimethyl sulfoxide: •. I mM; A. 5 mM; 
■„ 10 mM, Each point is the mean of two determinations. 


NNK, respectively, and 81 and 87% when cells were treated 
with 1 and 5 mM NDMA, respectively. Elution rates observed 
with 1 mM NNK (0.052) and 5 mM NNK (0.095) were lower 
than with 1 mM NDMA (0.236) and 5 mM NDMA (0.290). 

The elutions of DNA after 4 h treatment of hepatocytes with 
carbethoxynitrosaminomethane and NNC, two precursors of 
alkyldiazohydroxides generated during NNK activation, were 
compared (Fig. 7). The rates of DNA elution were 0.100, 0.120, 
and 0.092 following treatment with 100 /jm NNC, 1 mM NNC, 
and 5 fiM carbethoxynitrosaminomethane, respectively. Thus, 
carbethoxynitrosaminomethane was at least 20 times more 
potent than NNC in inducing DNA SSB. The elution rate 
observed with 5 mM NNK was 0.100. As expected the two 
precursors were inducing more SSB than NNK. Hepatocytes 
were treated with 5 mM keto alcohol 12 for 4 h. The rate of 
elution observed with this metabolite (0.027) was not signifi¬ 
cantly higher than the that of control hepatocytes (0.022). The 
keto acid 13 is not very soluble in et-minimum essential medium 
and a concentration of 5 niM could not be reached. DNA 
fragmentation by this metabolite was not determined. 

To assess whether DNA SSB induced by NNK were rejoined, 
hepatocytes were treated with 5 and 10 mM NNK and then 
incubated in NNK free medium for various times. As indicated 
in Fig. 8, the rate of DNA SSB rejoining was dependent on the 
length of time cells were cultured in the absence of NNK. SSB 
induced by 5 mM NNK (rate, 0.117) were rejoined partially 2 h 
(rate, 0.039) and totally 12 h after exposure. Even after 1 h 
exposure to 10 mM NNK, the repair was completed within 12 


h. 


DISCUSSION 

The metabolism of NNK in animal and human tissues has 
been studied by Hecht'et at. (19) and Castonguay et at. (20). 
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Fig. 6. DNA single strand breaks induced 
by NNK and Lis analogues and metabolites. 
Each point is the mean of two determinations. 
A, concentration, 5 bum, Time of exposure. -* 
h. O.control 0.5% dimethvl sulfoxide:*. NNN 
.V-oxide: A. NNK V-oxide: o. NNN: CL I- 
MeNNAU •. NNAI: A. NNK. B . time of ex¬ 
posure. 4 h. O. control 0.5*7 dimethyl sulfox¬ 
ide: A, 5 m\i NNK; #. 1 mxi kctoaldehydc 5; 
A. 5 mvi ketoaldchyde S; O. 10 him keioalde- 
h>de 8 C. time of exposure 4 h. O, control 
0.5*7: A. 1 iitM NNK: A, 5 mxt NNK; tt. I 
mvi NDMA: □. 5 m\i NDMA. 






Fig. 7. DNA single strand breaks induced by two precursors of NNK reactive 
metabolites and the keto alcohol 12. Time of exposure, 4 h. O, control (0.5% 
dimethyl sulfoxide): A. 5 m\i keto alcohol 72; #. 100 pM NNC; A, 5 mu NNK; 
A, 5 mm carbethoxynilrosaminomethane; *. 1 mu NNC. 

After i.v. injection into F344 rats, NNK localized extensively 
in the liver (21). Reduction of the carbonyl group is a very 
efficient pathway of NNK metabolism in animal and human 
tissues. Adams et at. (22) have observed that l h after injection 
of NNK into F344 rats, the NNAI/NNK blood ratio was 2.0. 
The rate of NNK carbonyl reduction by hepatocytes (0.27 nmol/ 
h/10 6 cells) observed in this study and the accumulation of 
NNK in the rat liver shortly after injection into rats (21) suggest 




Fig. 8. DNA single strand break rejoining following exposure 10 5 mM NNK 
for 4 h C-O and 10 mM NNK for 1 h ( B ). Hcpaiocytes were cultured with NNK 
for l h and posicultured in NNK free medium for 0 h (♦), 2 h (•), 6 h (A}, and 
12 h (A). Control hepatocytes were cultured with 0.5 dimethyl sulfoxide for l 

MO). 

that this organ is involved in NNK carbonyl reduction. Oxida¬ 
tion of NNAI to NNK was also demonstrated in mouse and 
human lung tissues cultured in vitro (18, 20) and in rat lung 
tissue in vivo (22). The enzymes involved in this oxido-reduction 
have not been characterized. 

We observed that the metabolism of NNK by a-carbon hy- 
droxylations was fast in rat hepatocytes and that the four final 
metabolites formed by these pathways were released in the 
culture medium. Previous studies have suggested that these 
pathways were activating NNK to electrophilic species. Pyri- 
dyloxobutylation and methylalion of hepatic DNA was ob¬ 
served after treatment of rats with NNK (23, 24). Among the 
four metabolites generated by a-carbon hydroxylation, we found 
the keto acid 15 to be the most abundant. Formation of this 
metabolite must involve the intermediate aldehyde 8 along with 
the methylating species 9. While the role of DNA methylation 
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in NN K carcinogenesis is we!l documented (23, 25), the contri¬ 
bution of the aldehyde 8 to carcinogenesis process has not been 
examined. Our results show that the aldehyde <S was a strong 
DN \ damaging agent. At equimolar concentrations the alde¬ 
hyde 8 was more damaging than NNK to hepatocyte DNA. 
Our results are in agreement with published data showing the 
high reactivity of aldehydes. Some aldehydes such as formal¬ 
dehyde. acrolein, and acetaldehyde were found to induce DNA 
SSB and/or DNA cross-links in mammalian cells maintained 
in vitro (26). Our study underlines the importance of aldehyde 
8 in NNK induced DNA damage and probably in NNK carci¬ 
nogenesis. 

Our previous study has shown that the ketoaldehyde 8 (50% 
inhibitory concentration, 0.4 mivt) is cytotoxic to V79 cells and, 
at concentrations ranging from 0.01 to 0.1 him, induced sister 
chromatid exchanges and SSB in (27). Coculture of V79 cells 
and primary hepatocytes resulted in a reduction of sister chro¬ 
matid exchanges induced in the V79 cells, suggesting that 
hepatocytes partially deactivate this aldehyde. This deactivation 
could involve a reduction or oxidation of the aldehyde group. 
The presence of alcohol and aldehyde dehydrogenases in rat 
hepatocytes has been demonstrated (28, 29). Accordingly, the 
DNA fragmentation observed in rat hepatocytes was probably 
induced by that fraction of the ketoaldehyde added to the culture 
medium which was not deactivated by the hepatocytes. The 
DNA damaging ^teTytial^pf the ketoaldehyde as measured in 
this study' is therefore probably underestimated. 

DNA-SSB frequency has been shown to correlate well with 
the carcinogenic potency of A'-nitrosamines (8) and was there¬ 
fore selected for the present study. Our results demonstrate that 
the tobacco specific carcinogen, NNK, induces DNA single 
strand peaks in rat hepatocytes at noncytotoxic concentrations 
in a dose and time dependent manner. The high frequency of 
induced DNA SSB was expected based on the positive correla¬ 
tion established between DNA SSB and carcinogenicity (8) and 
the high carcinogenic potency of NNK. We have compared 
NNK and two related A'-nitrosamines, NNN and NDMA, in 
the rat hepalocyte/alkaline elution assay. Our results demon¬ 
strate that all 3 nitrosamines can induce SSB. However, the 
frequencies of SSB induced by NNN was significantly lower 
than that observed with NNK or NDMA. These results corre¬ 
late with the hepatocarcinogenicity of these 3 nitrosamines. 
NNN is not a hepatocarcinogen in rats (5). We observed that 
NDMA induced more SSB than NNK and both A'-nitrosamines 
are hepatoearcinogenic in rats (23). Because of the tow inci¬ 
dence of induced liver tumors observed in this species, no 
conclusion as to the relative hepatoearcinogenic potencies of 
NNK and NDMA could be reached (23); however, our results 
suggest that NDMA is likely to be more hepatoearcinogenic 
than NNK. 

Previous carcinogenicity studies concluded that pyridine A'- 
oxidation is a deactivation pathway of NNK (18, 30). Our 
results support this conclusion since both NNN A'-oxide and 
NNK A'-oxide induced a low frequency of DNA SSB. These 
results suggest either that NNN A'-oxide or NNK A r -oxide are 
not good substrates for NNK activating enzymes or that the 
alkylating species derived from NNN A'-oxide or NNK A'-oxide 
do not damage DNA. Our results with hamster liver rnicro- 
somes indicate that NNK A'-oxide does not inhibit effectively 
the activation of NNK to methylating or pyridyloxobutyiating 
species and thus support the former hypothesis. 4 

As shown in Fig. 1, NNAl, like NNK, can possibly be 

* Unpublished results. 


activated by a-carbon hydroxylation to alkylating intermedi¬ 
ates. Hecht and Trushin (31) treated rats with NNK and NNAl 
and observed similar levels of pyridyloxobutylation of hemoglo¬ 
bin and hepatic DNA. They concluded that alkylation of DNA 
by NNAl involved a reconversion of NNAl to NNK and that 
carbonyl reduction of NNK to NNAl was not a deactivation 
pathway. Rivenson et al. (32) observed a 21% incidence of 
pancreatic tumors in NNAl treated F344 rats and suggested 
that NNAl was a proximate pancreatic carcinogen. Our results 
would favor the hypothesis that NNAl can be activated to DNA 
damaging intermediates. In this study, we have synthesized an 
analogue of NNAl. 1-MeNNAl, which cannot be reconverted 
to NNK. Results obtained with this analogue suggest that NNAl 
is itself activated to intermediates capable of inducing SSB. 
Since the only identified activation pathways of NNK and 
NNAl are via a-carbon hydroxylation, we conclude that NNAl, 
like NNK, is a substrate of the enzymes involved in this hy¬ 
droxylation and that NNAl does not necessarily require recon¬ 
version to NNK to damage DNA. 

The levels of 7-methylguanine and O'-methylguanine in liv 
DNA isolated from NDMA treated rats were found to be 3 to 
22 times higher than that of NNK treated rats (23). Thus, DNA 
methyladon correlates well with the capacities of these two A'- 
nitrosamines to induce DNA SSB. According to the report of 
Kalamegham et al. (33), the presence of unrepaired 0 6 -meth- 
ylguanine lesions leads to SSB. Considering the importance of 
this lesion in carcinogenicity and that NDMA is a better 0‘- 
guanine methylating agent than NNK (23), our results are in 
agreement with the conclusion that O s -methylguanine forma¬ 
tion can induce DNA SSB (33). Although 7-methylguanine is 
the predominant adduct, 0‘-methylguanine is believed to be 
the mutagenic and carcinogenic lesion (34). Several other al¬ 
kylated bases such as 7-methylguanine and 3-methyladenine 
lead to a destabilization of DNA and result in the hydrolysis of 
these bases and the formation of apurinic and apyrimidic sites 
(35). These alkylated bases become labile, are spontaneously 
lost from DNA, and produce SSB. In addition, most alkylated 
bases are excised from DNA with the aid of specific excision 
enzymes (36). Both spontaneous and enzymatic losses of alky¬ 
lated bases yield to DNA breaks, which under alkaline cond' 
tions represent the sum of SSB. Thus, labile sites may be 
contributing to the SSB induction observed with NNK and its 
metabolites. 

Two alkylating intermediates generated during hepatic bioac¬ 
tivation of NNK can be produced in vitro by ester hydrolysis of 
the two precursors carbethoxynitrosaminomethane and NNC, 
Hecht et al. have shown that NNC was a more potent mutagen 
than carbethoxynitrosaminomethane (37). These results sug¬ 
gested that DNA pyridyloxobutylation is more important than 
DNA methylation in NNK mutagenesis. In this study compar¬ 
ison of DNA fragmentation by carbethoxynitrosaminomethane 
and NNC suggests that methylating species introduced more 
DNA damage than the 4-(3-pyridyl)-4-oxobuty!ating species. It 
is important to note that a-carbon hydroxylation of NNK 
produces not only alkyldiazohydroxides (such as 7 and 9) but 
also other DNA damaging intermediates such as formaldehyde 
and ketoaldehyde 8. We observed that the keto alcohol does 
not induce DNA SSB in hepatocytes. We had shown previously 
that NNK did not damage DNA in V79 cells(27). These results 
suggest that the aldehyde function of the ketoaldehyde 8 is 
involved in the induction of SSB DNA, 

In conclusion, the alkaline elution/rat hepatocyte assay is a 
good predictor of the hepatocarcinogenicity of NNK related N- 
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nitrosamines and is a useful tool for the characterization of 
activation/deactivation pathways of NNK. 
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